Abstract-The BPW34 p-i-n diode was characterized at CERN in view of its utilization as radiation monitor at the LHC to cover the broad 1-MeV neutron equivalent fluence (8 eq ) range expected for the LHC machine and experiments during operation. Electrical measurements for both forward and reverse bias were used to characterize the device and to understand its behavior under irradiation. When the device is powered forward, a sensitivity to fast hadrons for 8 eq 2 10 12 cm 2 has been observed. With increasing particle fluences the forward I-V characteristics of the diode shifts towards higher voltages. At 8 eq 3 10 13 cm 2 , the forward characteristic starts to bend back assuming a thyristorlike behavior. An explanation for this phenomenon is given in this article. Finally, detailed radiation-response curves for the forward bias-operation and annealing studies of the diode's forward voltage are presented for proton, neutron and gamma irradiation.
I. INTRODUCTION
T HE particle fluence expected over 10-years in the Experiments of the LHC accelerator at CERN [1] will cover a broad range of more than five orders of magnitude from -to -particle cm depending on the position in the Experiment. While for lower fluence ranges dosimeter diodes exist [2] , they could not be employed to monitor 1-MeV neutron equivalent fluences ( ) higher than a few cm . For this reason BPW34 p-i-n diodes have been studied in order to evaluate their performances as high-level particle fluence monitor. Moreover, the fact that these devices are commercially available in large numbers at a relatively low cost, makes the possibility of using them as a fast-hadron dosimeter an attractive prospect..
According to the concept of the Non Ionizing Energy Loss (NIEL) Hypothesis the radiation induced bulk damage in semiconductor devices can be scaled by the non-ionizing energy transfer to the lattice of the semiconductor crystal. In this work we use the definition of NIEL and scaling factors (hardness factors ) as defined in [3] . The BPW34 p-i-n diodes are devices produced by several semiconductor companies. Their applications are mainly in the field of photo-interrupters and IR remote controls. A list of typical electrical and optical characteristics for this device can be found in [4] . According to the electronic nomenclature, the part number BPW34 means the following: B is the material used for the active region of the device ( ), P indicates the circuit function ( radiation sensitive diode) and W34 is the serial number.
As it is shown in Fig. 1 , the diode consists of a small 2.75 2.75 mm silicon die (the active part of the component) encased in a plastic packaging which allows an easy handling. This component is available in two different DIL packages:
• BPW34: transparent plastic packaging that allows the device to be sensitive to light from 400 nm to 1100 nm; • BPW34F: plastic packaging with a daylight filter limiting the light sensitivity of the device to about 950 nm to 1100 nm (see right-hand side of Fig. 1 ). Because of their lower sensitivity to light, all samples used for this study were packaged diodes of the type BPW34F. This p-i-n diode is also supplied in SMD plastic packaging as shown in the left-hand side insert of Fig. 1 .
II. PRELIMINARY STUDIES AND UNDERSTANDING OF THE DEVICE RADIATION RESPONSE

A. Conclusions From Previous Studies
The first study of the BPW34F diode (produced by SIEMENS) as neutron sensor was addressed at CERN in 1992. The results of irradiation tests in the neutron field of the PSAIF facility [5] at CERN were summarized in a CERN Report from Malfante [6] and were the following:
1. The devices are reported to have a base thickness ( ) of 210 m and a resistivity of 2.5 k cm. 2. The dosimetric signal (forward voltage) was measured, after irradiation, in condition of intermediate injection (1 mA) with constant forward current. 3. The response of the diodes to neutrons was sometimes far from linear: the measured sensitivity to neutrons ( keV) was about 35-50 mV cm . The lower particle fluence measured in the Malfante study was around cm . No clear information about the diodes behavior at lower neutron fluence was given. 4. Irradiations with -rays were performed on these diodes and their response was found to be very low compared to the neutron response. For 100 kGy of ionizing dose, a of about 100 mV was measured.
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B. Forward Bias On-Line vs. Off-Line Radiation Responses
Several irradiation campaigns were carried out exposing the BPW34F diodes to the 23 GeV proton beam of the IRRAD1 facility and to the neutron environment of the IRRAD2 facility at CERN [7] . All samples irradiated in this work have been exposed to the different particle beams with the terminals shorted to ground. A summary of these preliminary results is given in Fig. 2 , where the measurements performed during radiation exposure (on-line) are plotted as a function of for the two facilities. To allow a comparison of the IRRAD1 data with the results obtained in the IRRAD2 facility, the proton fluence was converted into by means of the experimentally determined hardness factor 0.62 [8] . At the irradiation position in IRRAD2 the hardness factor, calculated using the facility spectra, is 0.67 [9] .
The on-line data, plotted with triangular markers, are an average of different irradiation tests performed at proton fluxes ranging from 1.1 to 1.1 protons cm s while the neutron ones were obtained at a 1-MeV neutron equivalent flux of 8.3 cm s . All measurements were carried out at intermediate injection level (1 mA) with a forward current pulse ranging from 100 ms to 700 ms duration. In these conditions no significant differences regarding the response of the devices to the two different types of particles were observed.
Both data sets follow the same trend. After an initial "flat" region up to of 2 cm , in which the particle sensitivity appears to be slightly negative (a few tens of mV not visible in the log plot of Fig. 2 ), the response is linear of the type up to several cm . In this equation represents the calibration coefficient of the diode. Thus this relationship is in agreement with the concept of the NIEL Hypothesis, which claims that the generation of silicon bulk damage is scaling with the non-ionizing energy transfer to the lattice [3] . These results prove that this device is suitable to measure high particle fluences. A of about 1-2 V was measured for a of 1 cm . Taking into account the difference in the readout methods and in the particle spectra, this sensitivity is in fairly good agreement with the values measured earlier by Malfante (see Section II.A).
In Fig. 2 , the on-line measurements are compared with a series of data taken immediately after irradiation (off-line) without performing any annealing procedure before their readout. While the on-line data represent the increase from the same device, the off-line measurements were obtained using different samples exposed to different particle fluences. For the off-line data presented in Fig. 2 the initial distribution of was unknown. Nevertheless, the agreement of the un-annealed data lies around .
In parallel with the tests presented in Fig. 2 , a series of room temperature annealing measurements were performed. Following a proton irradiation of 1.2 cm , the tested devices showed a decrease in of more than 20% after 300 hours. This result thus revealed that long-term annealing phenomena can be an issue for the precision achievable in the particle fluence measurements with this kind of device.
C. Radiation Response Mechanism
The radiation response behavior of the forward-biased diodes shown in Fig. 2 agrees with what was theoretically predicted by Swartz and Thurston [10] for a low-resistivity, small (width of the diode base over diffusion length) ratio, p-i-n diode operating at intermediate injection level. According to [10] , the forward voltage is a sum of the voltage drop at the p-i and i-n junctions together with the voltage drop over the intrinsic base. Since, for the BPW34F diode, initially is essentially larger then , the forward voltage across the diode starts to decrease under irradiation due to the predominant decrease of the junction voltages caused by the decrease of the minority carrier lifetime. Increasing the irradiation level, the overall voltage sensitivity to particles becomes then positive due to the reduction of to lengths of the order of (i.e., increase of junction voltages). At high irradiation levels, the increases of the base resistance (i.e., increases of base voltage) also contribute to the total increase [11] .
III. DEVICE CHARACTERIZATION
For the following studies, the tested devices were procured from different sensor batches produced by OSRAM [4] in different production sites and time periods. Before starting a systematic study of the BPW34F sensor, a batch of 145 diodes was characterized in order to ensure the homogeneity of the Devices Under Test (DUT). Therefore, for each sample, the under 1 mA constant current injection was measured at a temperature of C. From this preliminary screening, a group of specimens homogeneous within and with an average of 0.531 V was selected.
A. Reverse Bias Measurements
After several steps of proton irradiation in the IRRAD1 facility, the determination of the diode leakage current has been done by means of -and C-measurements. The radiation-induced increases of the leakage current is given by the difference between the current measured after and before irradiation. In Fig. 3 the leakage current increase of the BPW34F diodes has been plotted vs.
after being normalized to 20 C. In the picture, each point corresponds to an individual diode irradiated with protons in a single exposure to a given fluence. Moreover, before measurement the individual samples were brought to the same annealing state by heating them up for 4 minutes to 80 C. The chosen annealing cycle has been selected in agreement with the standard procedure adopted to anneal silicon particle detector structures [12] . From Fig. 3 it is possible to see that the leakage current increase is proportional to in the range from cm to cm . After this point, the measured was much higher with respect to the foreseen linear behavior. A similar result has also been found for a second series of diodes irradiated with neutrons at the IRRAD2 Facility. For cm , the diodes can thus be used as NIEL counter in the same way as the particle detector diodes presented in [2] .
B. Measurement of Base Thickness and Material Resistivity
The data of Fig. 3 for cm were linearly fitted (continuous line in the picture) and the proportionality factor was calculated to be 5.17 A cm . The above data can be conveniently used for a first estimate of the base thickness ( ) of the BPW34F device by comparing it with the current related damage rate ( ) measured from a calibrated series of particle detector diodes [2] irradiated at the same time of the DUT. Once the value of is known, it is possible to estimate the material resistivity by using the depletion voltage measured on a non-irradiated diode (see C-measurement of Fig. 4 ). Details about this calculation can be found in [13] . With this method a of about 300 m and an average material resistivity of 2.7 k cm were estimated.
In order to give a comprehensive evaluation, we want to approach here the above calculations also in a different way using (1), the extraction of the diode's doping-profile [14] . (1) In (1), cm, for silicon, is the area of the device (0.0702 cm ) and , the elementary charge, is equal to 1.602 C. In this equation indicates the width of the depletion layer that is related to the measured capacitance C via (2):
As visible in Fig. 4 , with increasing voltage the capacitance decreases and reaches with full depletion a final value when become equal to the base thickness of the diode ( ). Fig. 5 shows a clearly non-homogeneous doping profile of the silicon base with a minimum of 3 cm in the region of comprised from 9 to 20 m. From Fig. 5 it is also possible to evaluate the base-thickness of the BPW34F device to about 100 m. By averaging the plotted in Fig. 5 , and knowing the electron mobility in n-type silicon ( cm s ), it is finally possible to evaluate the material resistivity:
The above values of and (obtained with two different experimental techniques) and the ones from bibliographic data (see Section II.A) lie within a factor 3.
Nevertheless, all these results confirm that the DUT is a relatively low-resistivity, small , p-i-n diode with a forward bias radiation response that can be described with the mechanism summarized in Section II.C.
IV. STUDY OF THE FORWARD BIAS RADIATION RESPONSE
The characterization of the BPW34F diodes in forward bias has been done by measuring the forward -curves for samples irradiated to different levels with 23 GeV protons and in the neutron field of IRRAD2 at CERN. A total of 24 diodes were exposed to protons and another 20 to neutrons. For a given fluence step, two devices were exposed in order to get redundancy in the results. The measurements were carried out after irradiation, using a test-bench based on a stand-alone Keithley 2400, injecting increasing 100 ms-wide current pulses and recording the corresponding forward voltages across the device terminals. All experiments were carried out in a light-tight box. Fig. 6 displays the results of the measurements following proton irradiation. Each curve corresponds to the average of the two -curves measured for devices exposed at the same time. For cm the -curve of the diode shifts in the positive direction with increasing particle fluence. At higher fluences the curves start to bend back towards smaller when forward currents in the order of 100 mA are reached. From that point onwards the BPW34F -assumes a thyristor-like behavior. The set of devices irradiated with neutrons in IRRAD2 exhibit the same thyristor-like behavior for exceeding 1 cm . It has been reported in the literature [15] that radiation induced changes in silicon conductivity can lead to the formation of p-n-p-n thyristor structures in devices powered in forward bias as in the case of the DUT. The doping profile of the BPW34F diode calculated in Fig. 5 allows us to propose an explanation for this observed behavior. It is known from particle detector irradiation studies [16] that the conduction-type inversion point in silicon is sensitive to the initial resistivity and thus to the initial effective impurity concentration of the silicon material. 1-MeV neutron equivalent fluences of about 3-6 cm had been shown to be responsible for the type-inversion of silicon detectors with initial Fig. 7 . Mechanism of formation of p-n-p-n thyristor structures in heavily irradiated forward biased BPW34F p-i-n diodes. Due to the inhomogeneity of N , the region of the intrinsic n-type Si base at 9 < d < 20 m start to type-invert at 8 of about 3 210 cm leading to the formation of the p-n-p-n double junction structure. Drawing is not in scale.
cm [17] . According to Fig. 5 , the non-uniform doping-profile of the BPW34F diode reaches its minimum ( ) in the base region comprised from 9 to 20 m. Therefore, as schematized in Fig. 7 , is in this region that the change in the conduction-type of the diode begins at a of about 3 cm , leading to the formation of a p-n-p-n double junction structure. Compared to the dimensions of a typical parasitic thyristor structure encountered in CMOS or IGBT, the 9 m n-type region left is large enough to observe a thyristor like behavior [18] . At higher levels the inverted region extends further following the smooth increase of for increasing , so that for cm , the p-n-p-n junction is well established, as shown in the curves of Fig. 6 .
From a more practical point of view, thanks to the above observation it is possible to define 25 mA as the upper limit for the injected forward current with which the BPW34F diode can be used in dosimetric applications before entering in thyristor regime.
From the set of measured curves of Fig. 6 , the values of as function of have been extracted for three selected currents in order to determine the variation of the hadron sensitivity at different forward currents. The three selected currents were 1 mA (usual readout current), 25 mA (maximum level allowed from the observation of the -behaviors) and 10 mA. This last value has been intentionally selected in between the previous two according to the electronic standards for commercial current sources. Following the theoretical indications of [10] , the radiation response of forward biased p-i-n diodes to particle irradiation is expected to be improved at higher injection levels. For this reason, forward currents lower than 1 mA have not been considered here. For cm , independently on the forward current used, the devices don't show sensitivity to fast hadrons.
As reported in Table I , for cm , the linear part of the characteristics has been used to determine the sensitivity increase at 10 and 25 mA with respect to the one determined at 1 mA. The diode calibration factor is defined as the inverse of the coefficient that describes the growth of with . At 25 mA the gain in sensitivity is 36%. However, under this high injection conditions, the dynamic range is reduced by about a factor 4. Although the readout current can be chosen by the user to select the device sensitivity, from the presented results it appears that 1 mA remains the readout condition that insures the best compromise between the achieved sensitivity and the measurable fluence range.
Studies of the time structure of the signal (i.e., as function of time after current pulse injection) of irradiated BPW34F diodes have been carried out on samples irradiated up to cm . These studies, detailed in [13] , revealed that the current pulse for the diodes readout should be kept to a width lower than 1 second to avoid self-heating effects. Therefore, the current pulse adopted for the study of the BPW34F radiation response was set to 1 mA 700 ms. A reliable set of forward voltage growth curves has been then determined during irradiations carried out in different particle beams. Fig. 8 summarizes the increase of versus the recorded during different proton irradiation runs in IRRAD1 and IRRAD2 at CERN. The hardness factor values used to scale the CERN data plotted in Fig. 8 are the ones previously given in Section II.B. The proton data, obtained over two orders of magnitude of particle flux, don't reveal any significant rate effect. In the same plot, the sensitivity to -rays has also been reported with cross markers. For the gamma irradiation, four diodes were exposed at increasing doses from a source [19] . The four samples were exposed to a TID of 0.1, 2, 10 and 22.6 kGy respectively as indicated in Fig. 8 . The conversion between dose and photon fluence was obtained using the KERMA factor for 1.3 MeV photons in Silicon equal to 4.45 cm [20] . Finally, in this summary plot, the results of two independent irradiations carried out with 0.8 MeV neutrons [21] and in the broad neutron spectrum of the TRIGA reactor at JSI [22] have also been included. For the first data set a direct calibration in terms of 1-MeV neutron equivalent fluence is available [23] . For the TRIGA reactor, both theoretical [24] and experimental [25] hardness factor are in very good agreement and equal to 0.90. All data presented in Fig. 8 have been measured at room temperature.
V. FORWARD-BIAS DEVICE CALIBRATION IN HADRON FIELDS
By fitting all different data set, it is possible to determine the calibration factor of the linear relationship that links the growth of the forward voltage with the 1-MeV neutron equivalent fluence ( ), so that:
The best fit of the data is in agreement within with respect to the measured experimental data. The spread between the different data set has probable origin in the errors that affects both the dosimetry measurements carried out in the irradiation facilities and the hardness factors that were used to normalize the different particle fluences. The agreement of the experimental data, the absence of rate-effects and the insensitivity to -rays proves the suitability of the BPW34F diode for the monitoring of the high particle fluences of interest for the LHC.
VI. LONG-TERM ANNEALING AND TEMPERATURE DEPENDENCE
As mentioned in Section II.B, preliminary annealing tests performed on the BPW34F device showed that over 1 week the signal of the irradiated diodes decreases by about 25%. The long-term annealing of these devices has therefore been considered as an issue to be studied in detail to guarantee reliable measurements in long time monitoring applications.
Since the devices are surrounded by a plastic packaging, the effect of this package on the thermal behavior of the BPW34F diode has been investigated. For this purpose, one un-irradiated device has been used as thermometer and heated up in different experimental conditions [13] . The temperature variation of the forward voltage upon 10 A current injection has been chosen as figure of merit. The first experiment consisted in heating up the diode by placing it in contact with a metal plate at a given temperature ranging from 70 C to 100 C. In such conditions, the forward voltage of the DUT stabilized at a given after 10-100 min. from the beginning of the heating procedure. This long period needed to reach the thermal equilibrium clearly indicates that the thermal exchange between the device (e.g., silicon die) and the oven needs to be improved to allow precise annealing studies.
Therefore a second experiment was carried out by heating up the DUT at the desired temperature in a volume of warm water. In this second case the thermal equilibrium was reached much faster: from 5 to 10 seconds after the beginning of the thermal cycle.
These preliminary measurements were used to establish the annealing protocol used in this work. In more detail, the measurement procedure consisted of three phases:
• to dip the diode in water at the selected annealing temperature over the desired annealing time; • to quickly cool the diode down in water with melting ice for 10 seconds; • to keep the diode in contact with a copper plate for 1 minute in order to get back to room temperature before starting the diode readout. A series of irradiated BPW34F diodes has been exposed to this annealing procedure over a period of about 3 months in order to characterize the annealing dependence of the forward voltage as function of and the . The BPW34F samples used for this study were irradiated with protons at ranging from 2 cm to about 1 cm and they were annealed at three selected temperatures (20, 40 and 60 C) with the above described procedure. The readout during the annealing experiments was the same as established for the response curves of Fig. 8 (see Section V).
In analogy to what has been done for the leakage current related damage rate in silicon particle detector structures [25] , [26] , the long-term annealing of the forward voltage for the BPW34F diodes seems to follow a logarithmic function of the time. Thus the annealing of at room temperature, as well as at higher temperatures, was chosen to be described by one exponential and a logarithmic term. Finally, in the same annealing function the temperature dependence of has been also introduced so that: C
where, and the time was expressed in seconds. For each , and for each , the data were fitted according to (5) with set equal to 1 and C. The temperature coefficient ( C ) used in (5) has been instead measured from different set of diodes irradiated and annealed over long timeperiods in various conditions. The C for the BPW34F diodes is a negative value and it is function of . Its value before irradiation is mV C. The dependence of this parameter can be fitted with the following linear function:
The other parameters A, (amplitude of the exponential term), and present in (5) have been found to be temperature independent, while their dependence is rather complex and can be described by first and second order relations (see Appendix ). Finally, the Arrhenius plot of the time constant revealed that: (7) where and are again dependent on as shown in the Appendix . It has to be noted that the given parameterization holds only for the 3 months annealing time, for temperatures ranging from 20 C to 60 C and in the range from 2 cm to 1 cm . The validity of the above parameterization has been finally tested on a series of devices irradiated in the same conditions with respect to the one used for the parameterization.
As shown in Fig. 9 , the calculation is in agreement better than with respect to the experimental data set measured in the above mentioned temperature and fluence range. Therefore, in operative conditions when the measurements extend on a monthly scale equation (5) can be implemented, within an iterative procedure, in order to correct the signal read out from the BPW34F devices.
In the investigated temperature range the annealing has the following behavior: for the first 100 minutes the dosimetric signal shows only a small degradation. For greater than 100 minutes the degradation speed increases and the loss reaches about 40% over more than 2 months at the maximum considered in this study. In the investigated annealing time, evidences of saturation phenomena have not been observed. This finding suggests a repeated experiment with experimental data that span over a wider time interval.
VII. CONCLUSION
To provide the LHC experiments with p-i-n diode sensors with a broad measurement range, the OSRAM BPW34F commercial diodes powered at 1 mA are a valuable choice since they allow measurements over a high-fluence range with a good sensitivity.
As proven in this work, the radiation-induced modifications of the diode parameters have been understood and its particle- sensitivity has been measured with good accuracy in various experimental conditions. In particular, an explanation of the modifications of the diode's characteristic due to heavy hadron irradiation has been given.
The calibration curves presented here reveal that the BPW34F device is not sensitive at levels cm . A sensitivity of 9.1 cm mV has been obtained for higher fluence levels.
The long-term annealing of the has been identified as the limiting factor for such devices. For this reason an experimental parameterization to correct the time behavior of as function of the operational and the cumulated has been proposed in this work.
As proposed [2] and verified elsewhere [27] , a complete monitoring of the 1-MeV neutron equivalent fluence in accelerator environment, like the one encountered in the Experiments of the CERN LHC, can be achieved complementing the BPW34 devices by using high-sensitivity p-i-n diodes. However, the BPW34 diodes can be brought immediately to their operation point, by performing pre-irradiation to a level of 2 cm . This pre irradiation step is not followed by annealing as shown in [13] . In this way the initial "insensitive" region recorded in the device's radiation response (see Fig. 8 ) can be eliminated without altering its sensitivity for the higher fluence range as it has been shown in our previous work [28] .
APPENDIX
The parameters , and of (5) follow linear relationships of the form:
where the experimental coefficients are given here in Table II .
The coefficients of (7) have the form: s
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